Introduction The purpose of our study was twofold: (1) to determine the incidence, patient and tumor characteristics, and outcome of patients with gastrointestinal carcinoid tumors using the Surveillance, Epidemiology and End Results (SEER) database, and (2) to delineate the expression pattern of growth factor receptors (GFRs) in carcinoid tumors. Materials and methods The SEER database search provided information on patients diagnosed with carcinoid tumors from 1990 to 2002. Carcinoid tumor sections (n=46) were stained for the GFRs: epidermal growth factor receptor, insulin-like growth factor receptor (IGFR), vascular endothelial growth factor receptor (VEGFR), and HER-2/neu. Results Over the 12-year analysis period, 18,180 patients were identified with carcinoid tumors of the foregut, midgut, and hindgut; the incidence of carcinoid tumors increased ∼2-fold during this time period. Of the patients with carcinoid tumors, there was a trend of increased expression of VEGFR and IGFR, particularly in the foregut and midgut carcinoids. Analysis of the SEER database confirms that the incidence of carcinoid tumors is increasing with an approximate doubling in the number of carcinoid cases from 1990 to 2002. Furthermore, an increase in VEGFR and IGFR expression suggests that GFR inhibitors may be effective adjuvant therapy for carcinoid cancer.
the past decade due, in part, to the lack of response to standard chemotherapeutic treatments. 7 Somatostatin analogues have commonly been used for symptomatic relief of carcinoid syndrome after the development of hepatic metastasis. 8 We have previously shown that administration of the somatostatin analogue octreotide significantly decreases hepatic metastasis using an in vivo mouse model, suggesting an antiproliferative effect of octreotide. 9 Current combination chemotherapeutic regimens with streptozocin, 5-fluorouracil, and doxorubicin are commonly used in the treatment algorithms of highly proliferating carcinoid tumors. 10 The lack of in vitro and in vivo model systems for carcinoid tumors has limited our understanding of the progression of this disease. We are fortunate to have established the novel carcinoid cell line BON, derived from a pancreatic carcinoid metastasis. 11 We have utilized the BON cell line to delineate signaling pathways regulating carcinoid cell growth and secretion. 9, 11 BON cells express growth factor receptors (GFRs), including epidermal growth factor receptor (EGFR) and HER-2/neu, that may contribute to the development and sequelae of carcinoid tumors. 12, 13 Recently, using the BON cell line, we developed a novel in vivo model of carcinoid syndrome which recapitulates many of the clinical sequelae noted in humans and determined that treatment with the vascular endothelial growth factor receptor (VEGF) inhibitor bevacizumab significantly inhibited tumor growth. 14 Alterations in GFR expression have been linked to an increased risk of neoplastic transformation. 15 Overexpression of HER-2/neu occurs in several cancers such as ovarian, stomach, breast, and aggressive forms of uterine cancer. 16, 17 With ligand binding, EGFR stimulates intrinsic intracellular protein-tyrosine kinase activity which results in autophosphorylation of tyrosine residues. Downstream signaling proteins then initiate several signal transduction cascades, including the MAPK, phosphoinositide 3-kinase (PI3K), and JNK pathways, which are involved in important functions such as DNA synthesis and cell proliferation. 18, 19 Insulin-like growth factor receptor (IGFR) is another receptor-tyrosine kinase that plays a critical role in cell survival and proliferation. 20 IGFR binding to its ligand activates the same pathways as EGFR to promote cell proliferation and suppress apoptosis. 21, 22 In the current study, we analyzed carcinoid tumor incidence using The Surveillance, Epidemiology and End Results (SEER) registry database of the National Cancer Institute and compared this to our institutional incidence. Furthermore, we analyzed the expression of various GFRs known to be involved in cancer development, including VEGFR, EGFR, IGFR, and HER-2/neu in a set of carcinoid tumors from our institutional tumor bank as well as from commercial tissue arrays.
Materials and Methods

Materials
Rabbit monoclonal anti-chromogranin, anti-synaptophysin, anti-VEGFR, anti-IGFR, anti-EGFR, anti-platelet-derived growth factor receptor (PDGFR), and anti-HER-2/neu antibodies were purchased from Cell Signaling (Danvers, MA, USA). Carcinoid tissue arrays were purchased from Biomax (Rockville, MD, USA). Immunostaining was performed using a DAKO EnVision Kit (Carpinteria, CA, USA).
Study Design
The histopathology and clinical course of patients undergoing carcinoid resection from 1986 to 2006 at The University of Texas Medical Branch (UTMB) were retrospectively analyzed. UTMB Institutional Review Board approval was obtained for the collection of patient data, tissue acquisition, and subsequent use. A comprehensive search of the medical records was first performed using ICD-9 Common Procedure Terminology codes for "carcinoid," "malignant carcinoid," "carcinoid syndrome," and "neuroendocrine tumor." Histopathology reports were then obtained for all patients during the specified time period. Patients with a pathologically confirmed diagnosis of carcinoid (typical or atypical) were then entered into the UTMB Carcinoid Database. Demographic data (e.g., age, gender, race), tumor-node-metastases (TNM) stage, lymph node status, presence of distant metastasis, and presence or absence of synchronous lesions was collected for all patients. For tissue analysis, paraffin-embedded blocks of resected carcinoid tissue were obtained from 20 UTMB patients with carcinoid tumors. Blocks were sectioned for immunohistochemistry.
SEER Database
The National Cancer Institute's SEER-9 program was used to collect national data on carcinoid incidence, patient age and gender distribution, tumor histology, TNM stage, lymph node status, and tumor size for the years 1990-2002. SEER data are compiled from population-based cancer data from nine cancer registries in geographically distinct areas of the USA (five states: Connecticut, Hawaii, Iowa, New Mexico, and Utah; four cities: Atlanta, Detroit, San Francisco, and Seattle). 23 Population data for additional statistical analysis was obtained from the 2000 US Census Bureau (available at: www.census.gov).
Immunohistochemistry
Paraffin-embedded carcinoid blocks were sectioned (5 μm) and deparaffinized in xylene and rehydrated in a descending ethanol series. Immunostaining was performed using a DAKO EnVision Kit (Dako Corp) as we have described previously. 24 Briefly, sections were incubated overnight at 4°C with monoclonal antibodies diluted 1:100 in 0.05 M Tris-HCL with 1% bovine serum albumin against antichromogranin A, anti-synaptophysin, anti-EGFR, anti-VEGFR, anti-IGFR, and anti-HER-2/neu antibodies (Cell Signaling). After three washes with Tris-buffered saline Tween-20 (TBST), sections were incubated for 30 min with secondary antibody labeled with peroxidase, then washed three times with TBST. Lastly, peroxidase substrate diaminobenzidinetetrahydrochloride was added for staining. All sections were counterstained with hematoxylin and observed by light microscopy. All specimens were reviewed by a pathologist in a blinded fashion.
Statistical Analysis
Differences in GFR expression were assessed using Pearson chi-square test. Comparison of UTMB and SEER data was tested using the Pearson chi-square test for GFRs, gender, race, and tumor stage. The median test was used for age, presence of positive lymph nodes, and synchronous lesions. Association between carcinoid location and data set (UTMB or SEER), controlling for gender or race, was assessed using the Cochran-Mantel-Haenszel test. Associations between carcinoid tumors and GFRs were assessed using the Pearson chi-square test for gender, tumor stage, presence of positive lymph nodes, presence of synchronous lesions, and using the median test for age and tumor size. All statistical computations were carried out using SAS statistical software (release 9.1; SAS Institute).
Results
UTMB Patient Demographics
Between January 1986 and December 2006, 44 patients had resections performed for gastrointestinal carcinoid tumors at UTMB. There was a total of 21 women (47.7%) and 23 men (52.3%), with a mean age of 59 years (range 34-77 years). The average age was 59.3 years with a standard deviation of 11.7 years. Caucasians represented 75% of all patients, followed by African Americans (13.6%) and Hispanics (11.4%). The most common site of occurrence was the foregut (45.4%), followed by midgut (39.2%) and hindgut (9.1%). When carcinoid tumors were further divided by organ system, the small intestine was the most common site (36.4%), followed by the respiratory tract (31.8%), colorectal/anal (9.1%), stomach (6.8%), pancreas (6.8%), and appendix (2.3%). Of patients with disseminated disease at the time of presentation, 6.8% had an unknown primary tumor. Lymph node metastases were present in 29 patients (65.9%), nine patients (20.5%) had node-negative disease, and six patients (13.6%) had unknown nodal status. The majority of patients (54.5%) presented to UTMB with disseminated distant disease, and 25.5% of patients had localized or regional disease. Tumor stage was unknown in 4.5% of patients.
Comparison of UTMB Patients with the SEER Database
Demographics for patients with carcinoid tumors diagnosed at UTMB and those recorded in the SEER database are presented in Table 1 . A search of the SEER database identified 18,180 patients with carcinoid tumors during the study period. The incidence of carcinoid tumors in the foregut, midgut, and hindgut increased ∼2-fold during this time period. The two populations had a similar ratio of male and female patients. Median age was slightly higher in SEER patients (62 versus 59; p=0.09). Racial distribution was also noted to be similar between the two populations. UTMB had a slightly higher percentage of African-American and Hispanic patients compared to the SEER database. The majority of SEER patients presented with localized disease (48%); 23% of patients presented with distant disease. In contrast, ∼54.5% of UTMB patients presented with distant disease.
Comparison of GFR Expression in Carcinoid Tumors
Specific immunohistochemistry staining for carcinoid tissues using chromogranin A and synaptophysin verified that the tissue sections were carcinoid tumors. Associations between outcome measures, tumor location (foregut, midgut, or hindgut), patient age, and sex were assessed using the multiple logistic regression model. Hindgut carcinoids were excluded from the multiple logistic regression model due to very small sample size (n=4). Of 46 samples stained for immunohistochemistry, all stained positive for synaptophysin. Association between carcinoid location and gender are summarized for UTMB or commercial arrays in Table 2 . A significant association was not observed between gender and carcinoid location adjusting for UTMB versus tissue array (p=0.64). This indicates that the ratio of men to women from each carcinoid location was similar. However, a significant association was observed between UTMB or tissue array and location adjusting for gender (p=0.005). This suggests that the number of samples from each carcinoid location were significantly different between UTMB and array tissues when adjusted for gender. The majority of tissues from tissue arrays were from the foregut, whereas tissues from UTMB patients were similarly distributed between foregut and midgut tumors.
Mean patient age for each carcinoid location with number of samples and standard deviation was analyzed. There were no significant differences in patient age compared with carcinoid location (p=0.38); however, there was a statistically significant age difference between foregut and midgut carcinoid tumors among men at UTMB. The mean ages were 48 and 68 with a standard deviation of 12 and 9 years for foregut and midgut tumors, respectively (p<0.05).
Representative tissue staining patterns from selected UTMB patients are shown in Fig. 1 . Similar sections of carcinoid tumors with areas of normal tissue were chosen to illustrate changes in the expression of various proteins. These samples were representative of all specimens analyzed. Expression of CgA was observed in the selected foregut, midgut, and hindgut tissues. Strong EGFR expression was observed in lung carcinoids, whereas weak expression was observed in small-bowel sections. Lung, gastric, and smallbowel carcinoids all stained strongly positive for VEGFR expression. Weak VEGFR expression was also noted in hindgut carcinoids. Strong IGFR expression was found in lung, gastric, and small-bowel carcinoids, whereas weak expression was observed in hindgut carcinoids. HER-2/neu was expressed in all of the ( Fig. 1) tissues except for hindgut carcinoids.
Comparison of receptor staining between UTMB patient samples and commercial tissue arrays is summarized in Table 3 . Some carcinoid sections were unable to be stained due to tissue loss which is reflected in the number of stained tissues. Ninety percent of UTMB samples (18 of 20) stained positive for IGFR. On the other hand, 88% of array samples (22 of 25) were negative for IGFR expression. Twenty-nine percent of array samples (seven of 24) were HER-2/neu positive, while only 15% of UTMB samples (three of 20) stained positive for HER-2/neu . When all carcinoid tissues were categorized based on tissue location and receptor staining, VEGFR expression was fairly evenly distributed among foregut and midgut carcinoids, and all hindgut carcinoids exhibited positive expression (Table 4) . IGFR expression was greater in midgut carcinoids compared to foregut carcinoids. Gender did not significantly influence the outcome of GFR expression (Table 5) . Although not statistically significant (p=0.10), men were ∼8 times less likely to have positive staining for EGFR. Patients less than 50 years of age were ∼9 times (p= 0.07) more likely to have positive staining for VEGFR than patients between 50 and 59 ( Table 6 ). The odds ratio of exhibiting positive VEGFR staining in patients 60 years or older was almost identical to those between 50 and 59. Patients under age 50 years of age were ∼24 times more likely (p=0.048) to have positive staining for IGFR than patients between the ages of 50 and 59. The odds ratio of patients 60 years or older demonstrating IGFR expression was almost identical to those between the ages of 50 and 59.
Discussion
In 1907, Siegfried Obendorfer, a German pathologist, coined the term "karzinoide" to describe a benign tumor resembling a carcinoma microscopically. 25 In 1948, serotonin was identified from the Kulchitsky cell and later hypothesized to be the hormone responsible for carcinoid syndrome. 26 Since this time, studies have attempted to determine targets for the treatment of carcinoid tumors. Recently, there has been growing interest in the use of GFR inhibitors in the treatment of carcinoid tumors. Endostatin, sunitinib, sorafenib, and bevacizumab are drugs that are under investigation and have shown promise. [27] [28] [29] Although carcinoid tumors are mostly slow growing and indolent in nature, current chemotherapeutic options have not altered survival. Somatostatin analogues attenuate the symptoms of carcinoid syndrome, but their effects on tumor growth are controversial. Currently, platinum-based chemotherapy is not useful in these patients, and traditional single agents are only minimally effective in a small number of patients. 30, 31 Increased expression of GFRs has previously been demonstrated in neuroendocrine tumors and has been implicated as a possible mechanism for tumor development and progression. Carcinoid tumors are highly vascular in nature with many of these tumors exhibiting a marked desmoplastic reaction. Expression of VEGF has been demonstrated in both gastrointestinal and pulmonary carcinoids. 32, 33 Recently, overexpression of VEGF was found to promote the growth of human neuroendocrine tumors through the up-regulation of angiogenesis; bevacizumab significantly reduced tumor angiogenesis and impaired tumor growth in vivo. 34 Similarly, our group found that treatment with bevacizumab significantly inhibited tumor growth using a novel in vivo metastasis model. 14 Increased VEGF expression appears to correlate with metastases and decreased progression-free survival. 35 In our current study, we demonstrated that carcinoid tumors from patients under 50 years of age were more likely to express VEGFR. These findings are intriguing and suggest that targeting VEGFR may represent a treatment option in a subset of patients with carcinoid tumors.
IGFR is implicated as an important component of growth factor signaling in neuroendocrine tumors. 36 We found increased IGFR expression in UTMB patient tissues when compared to the commercial array tissues, which may be attributed to the increased number of midgut carcinoids in the UTMB patient population. Patients under 50 years of age were also more likely to have increased expression of IGFR. Exogenous IGF has been shown to activate mTOR and increase cellular proliferation in carcinoid cells. 37 Due to the importance of IGFR signaling in carcinomas, it has become another possible target for kinase inhibitors. Our findings suggest that IGFR is important in carcinoid tumors, specifically in younger patients. In the future, this finding may lead to the investigation of patient-specific treatment therapies based on patient age. Although EGFR expression has been identified in carcinoid tumors of the gastrointestinal tract, we did not observe a significant trend in EGFR expression in our current study. Previously, EGFR and p-EGFR were found to be more highly expressed in small bowel carcinoid tumors compared with islet-cell tumors, and p-EGFR expression was associated with decreased survival among patients with pancreatic endocrine tumors. 38 Even though previous studies have shown increased expression of PDGFR in carcinoid tumors, we did not detect PDGFR expression in carcinoid tumors from our patient population. In a phase-II study of imatinib, which is specific for the tyrosine kinase domain in PDGFR, there was no significant regression of carcinoid disease, but a significant number of patients with progressive disease did achieve disease stabilization. 39 This suggests that although imatinib may not be a future first-line agent in the treatment of carcinoid tumors it may play a role in palliative treatment.
Slow-growing carcinoids are often indolent in nature, and like other cancers with a similar course, they are often discovered in advanced stages of the disease. Currently, complete operative resection is the only option for cure. Recent clinical trials evaluating the effectiveness of GFR inhibition show promise in disease stabilization, but more research in combination drug therapy is forthcoming. Our study highlights the importance of GFR signaling in carcinoid tumors, specifically VEGFR and IGFR, and provides evidence to support current investigations into the inhibition of these GFRs as a novel treatment strategy for carcinoids. Evaluation of the SEER database demonstrated a twofold increase in the number of carcinoids over the last decade. During that time, the most common site of occurrence was in the foregut followed by hindgut and midgut locations. When divided by gastrointestinal organ system, the colorectal location intestine was the most common site of occurrence. Although there has not been a significant change in survival, new information about the occurrence of GFRs in carcinoid tumors will provide novel treatment options in the future.
